Abstract
Introduction

Cell to cell communication is essential for orchestration and coordination of cellular events in multicellular systems. A growing amount of studies is underlying the role of the synapse (establishment of close contacts between juxtaposed cells) in cellular crosstalk. The term 'synapse' or 'synapsis' was coined in 1897 by
Sherrington [1, 2] [7] . [12, 13] and T-cell activation [14] by aiding the formation of the uropod/distal pole complex, a structure essential for T-cell activation (reviewed in [14, 15] [16] and membrane patches between cell conjugates [17] [18] [19] . Interestingly, a new phenomenon of cellular communication through exchange of intracellular, inner membrane protein has also been demonstrated to occur between immune cells [20] . Ras proteins represent the first example of non-secreted intracellular plasma membrane (PM)-bound proteins which, upon cellto-cell contact, are transferred from the inner surface of the PM of one cell to the interior of another cell [21] .
The immunological synapse is formed between an APC and a lymphocyte, when many different molecules on the APC and the lymphocyte sides (like CD28/CD80 and leucocyte function associated antigen-1 [LFA-1]/ intercellular adhesion molecule-1 [ICAM-1]) come together to form an interface and has been observed for T [5, 8], B [9] and natural killer (NK) [10] cells. The formation of IS involves several molecules in a very organized manner, leading to: (i ) a central supramolecular activation cluster formed by the T-cell receptor (TCR): peptide-loaded major histocompatibility complex (pMHC) cluster; (ii ) a peripheral adhesion ring junction made up of adhesion molecules that include integrins (specifically LFA-1 [␣L␤2] and VLA4 [␣4␤1]) and adaptor proteins such as talin and (iii ) a CD45 rich distal zone [11]. Better understanding of the molecular organization of immunological synapse is a prerequisite to realize its structural and functional relevance. During IS formation, critical interactions are made with the cytoskeleton. Molecular studies demonstrated that CD3 and ␤1 integrin (two IS-associated receptors) play important roles in Cdc42 activation and guanosine triphosphatase Cdc42 regulates cytoskeletal changes at the IS which are critical to T-cell activation. It has been suggested that both IS-associated receptors probably lie on a serial molecular pathway and transduce signals through the ezrin-radixin-moesin (ERM) dependent machinery that is responsible for the remodelling and stabilization of the synapse. Members of the ERM family of proteins have been shown to play an important regulatory role during IS formation
). Thus, studies are underway to enhance the knowledge of the spatiotemporal relationship between cytoskeleton, adhesion molecules, antigen receptors and costimulatory molecules during different stages of cell-cell contact. With an increasing knowledge on cell-cell interactions, it is becoming clear that the formal criteria for 'synaptic' signal exchange seem to comprise the following:(i ) the close apposition of two membranes, which leads to (ii ) uni-or bidirectional information exchange and downstream signal transduction to the nucleus for the onset of gene transcription. The IS, like T cell immunological synapse is thought to be the seat of initiation of TCR signalling events [11] leading to different lymphocytes functions such as proliferation, cytokine production to coordinate and regulate cell to cell interaction necessary to elicit immune responses. Noteworthy, there is emerging evidence supporting a role of IS to facilitate also the transfer of both extracellular receptors
The [18, 22, [32] [33] [34] [35] [36] [37] . [18] . Absorption, internalization and enzymatic cleavage of cell-surface proteins could also be one of the probable mechanisms for intercellular membrane transfer [31, 38, 40, [72] [73] [74] Figure 1 . [Ca 2ϩ ]i concentration induces actin polymerization thereby, markedly reduces TCR mobility on the T-cell surface via actin cytoskeleton-dependent mechanism [85] . TCR recruitment to the centre of the IS has been associated with productive signalling [5, 86] [107] , reticuloendothelial cells [108] , epithelial cells [109] and tumour cells [110] . Their composition may slightly differ from bulk membrane [111] . [132] . [134, 137] . However recently, Davis [138] [145] . [148] . Fig. 1) [18] .
Intercellular protein transfers between the cells of immune system
. Overall, the direct cell-to-cell contact dependent or independent intercellular transfer of proteins from APCs to T cells may be described as shown in
TCR-mediated internalization and recycling
T-cell responses are initiated by TCR recognition of peptide/MHC (pMHC) on APCs [75, 76] and are the central event in developing an adaptive response. Subsequent (within minutes) to specific interactions of T cells with APCs, TCR and MHC molecules are assembled at the centre of supramolecular activation clusters at the site of T-cell contact [5, 77-79] and accessory molecules move towards the T cell/APC contact site, forming a signalling area at the interface that has been termed the IS [5]. TCR movement towards the IS reflects the intensity of antigenic stimulation [80, 81]. Using fluorescence recovery after photo-bleaching (FRAP) and fluorescence loss in photo-bleaching techniques, TCR motion on live cells has been studied [82]. TCR mobility was demonstrated on the human Jurkat T cells [83]. Krummel and colleagues also reported that TCR is mobile on murine T cells, and accelerate towards the IS during antigen recognition [84]. TCR motion towards IS requires an energy-consuming mechanism influenced by the interaction between TCR and the cortical actin cytoskeleton (CAC). Dushek and colleagues, demonstrated that increase in intracellular calcium
Dissociation-associated pathway
Before the advent of dissociation-associated theory, the membrane protein capture is thought to depend on TCR-mediated internalization during the direct cell-to-cell contact (as described above) or the APC-derived exosome/vesicle transfer (which will be
Fig. 1 Mechanism for intercellular protein transfer between immune cells and its immunological relevance. (A) Internalization and recycling pathway; (B) dissociation-associated pathway; (C) exosome uptake; (D) membrane nanotube formation. IS or tight contact between lymphocytes and their targets enables intercellular exchange of cellular proteins. Some membrane proteins are snatched by specific receptors, and other, 'bystander ligands' and membrane patches can also be acquired. This intercellular exchange of proteins has an important influence on the course of T-cell-mediated immune responses. (E) In some circumstances, the intercellular transfer of cell-surface proteins from APCs to T cells can amplify immune responses or broaden cellular stimulation or activate neighbouring effector cells leading to augmenting cytokine production. (F) In some other conditions, the trogocytosis may induce anergy or tolerance, and T-cell function as regulatory T cells in subsequent immune modulation. In addition, the process of trogocytosis can dampen immune responses by fratricide killing, i.e. lysis of CTLs by neighbouring CTLs. (MVBs; multivesicular bodies). described below). Using fibroblasts expressing a GFP-tagged I-Ek
Recently, a very interesting phenomenon of exosome mediated HIV Gag secretion/shedding has been reported. It was observed that Jurkat T cells possess endosome-like domains of PM and bud exosomes from these domains and Jurkat T cells direct the key budding factor of human immunodeficiency virus-1 (HIV-1), HIV Gag to these endosome-like domains and secrete HIV Gag from cell in exosomes [133]. Interestingly, vesicle shedding within a novel type of synapse between immune and non-immune cells (i.e. ICC or ICClike cells and immune cells in the synaptic cleft) has been reported that may correspond to an exosome-based mechanism of cellular cross-talk [7].
Membrane nanotube formation
Intercellular exchange of proteins through membrane tubes, i.e. long membrane tethers, between cells provides another probable mechanism of cell-surface protein transfer between cells. Nanotubes formation has been observed in a wide range of immune cells, including B, T and NK cells, neutrophils and monocytes, as well as glial and neuronal cells [44, 134, 135]. Rustom et al. [136] reported a unique mechanism for intercellular membrane transfer, i.e. membrane can transfer directly between cells connected by tunnelling nanotubes. Authors demonstrated that rat neuronal pheochromocytoma cell line (PC12) cells or kidney cells were connected via membrane tunnels or nanotubes. Recent published literature generally used interchangeably the terms 'tunnelling nanotubes' and membrane nanotubes
suggested that tunnelling and membrane nanotubes can be defined as open-ended and closed-ended membranous connections between cells, respectively. However, closed-ended membranous connections as triggered by viral proteins can be defined as viral cytonemes [139]. These nanotubes were shown to facilitate the selective transfer of membrane vesicles and organelles between cells through actin dependent mechanism. Formation of membrane nanotubes was also observed between B cells and NK cells in the event of disassembly of IS [140]. Recently, the transmission of calcium fluxes between myeloid cells has been shown to take place by nanotube formation [73, 141, 142]. Nanotube-mediated intercellular transfer of calcium fluxes induces phenotypic changes in distal DCs, which is reminiscent of response generally seen by direct antigenic stimulation. However, the molecular mechanism of calcium fluxes transmission by nanotubes is still elusive. Interestingly, the heterogeneity in the structure of membrane nanotubes connecting human macrophages is observed. Thicker nanotubes are made up of both F-actin and microtubules, whereas thinner ones contain only F-actin. It was shown that nanotubes containing microtubules transport vesicles over long distances, whereas, using a constitutive flow of nanotube surface, bacteria 'surf' along nanotubes that lack microtubules [135]. Surface transport along thin nanotubes was found to be dependent on adenosine triphosphate (ATP) but independent of microtubules. However, transport of vesicles, like endosomes and lysosomes were only observed inside thicker nanotubes (containing microtubules) connecting macrophages. Sowinski et al. [143] have demonstrated that the formation of T-cell nanotubes between T cells can have important consequences for allowing a rapid spread of HIV-1. Recently, HIV-1 infection of macrophages has been found to induce increased number of nanotubes formation, contributing to the pathogenesis of the AIDS by a potential route for intercellular HIV-1 trafficking [144]. Interestingly, the trogocytic transfer of CD4 molecules from target to infected cells was observed, but trogocytic transfer of membranes was not detected in the HIV transmission direction
Functional relevance to immune responses
Trogocytosis has a broader impact in immunobiology. It is well established that costimulatory or other protein molecules (extracellular and intracellular) on the cell membrane have a considerable impact on cellular function. Therefore, it is obvious that acquisition of different molecules (which is not normally transcribed) by lymphocytes or other cells through trogocytosis may directly or indirectly influence the phenotype and functions of immune subsets capturing these membrane proteins. Several studies demonstrated that trogocytosis has an important influence on the course of the immune responses (either stimulatory or suppressive immune responses) (
Stimulatory effect on immune responses
Various immunological cell capture protein molecules/membrane patches from their targets. The intercellular transfer of membrane molecules can provide signals for immune responses with varying outcomes. For example, membrane-tethered antigens are internalized by B cells for processing and subsequent presenting them to T cells [9, 53]. Usually, APCs such as DCs can acquire antigens and subsequently present the processed peptide-MHC class I and II complexes to T cells [57]. Acquisition of APC cellsurface MHC and associated molecules by T cells endows T cells with novel functions. We have recently demonstrated that during intercellular membrane transfer, CD4
ϩ T cells derived from the [161] . [162] [163] [164] [165] . These mechanisms may serve to limit the clonol expansion [162] . [38, 43, 170] . [171] . Interestingly, Busch et al. [172] [176] , induce regulatory cells [177] [178] [179] , to inhibit allogenic responses [177, 178] and DC maturation [179] , and up-regulate inhibitory receptor expression [180] . HLA [186, 187] and tumour reactive CTL in melanoma patients [158] . [189] , as have been demonstrated for imaging immunological nanotubes [143, 190] and live ISs by a novel imaging strategy combining optical tweezers and confocal microscopy [191] 
Suppressive effect on immune responses
CD4 ϩ T cells that have captured agonist pMHC II complexes can subsequently present them to adjacent CD4 ϩ T cells, and these T cells can proliferate in response to T-cell mediated presentation [151], but as the number of activated cells increases, this T-T cell interaction can result in apoptosis or the induction of anergy or tolerance or regulatory T cells
Intercellular transfer of proteins from T cells to APCs might also balance the immune responses, as anergic or regulatory T-cell-derived vesicles have been shown to induce a tolerogenic phenotype in APCs
Unusual phenotypes and negative consequences
